Abstract: Dyads combining BODIPY as an electron acceptor and pyrene or perylene as electron donor subunits were prepared and studied their photophysical properties studied by steady-state and transient spectroscopy. Depending on the structure of the subunits and polarity of the media, the dyads show either bright fluorescence or photo-induced electron transfer (PeT) in solution. Charge-transfer (CT) states formed as a result of PeT and were found to yield triplet excited states of the BODIPY. In the presence of molecular oxygen, the dyads sensitize singlet oxygen ( 1 O 2 ) with quantum yields of up to 0.75.
Introduction
After the pioneering work of Kasha and Lewis [1] unveiled the origin of phosphorescence emission from organic molecules, research on triplet excited states became the subject of significant theoretical and experimental efforts. Triplet excited state chromophores have found applications in fields such as photodynamic therapy (PDT), [2] OLEDs, [3] photocatalysis, [4] bioimaging and sensing, [5] and photon upconversion. [6] Due to these advances and potential applications, methods to enhance intersystem crossing (ISC) in organic molecules are in high demand. One approach commonly used in the design of triplet sensitizers relies on the spin-orbit coupling in the presence of heavy atoms (typically halogens or transition metals) introduced into the chromophoric molecules, which leads to enhanced ISC (Fig. 1A) . In recent years, alternative approaches toward the design of triplet sensitizers have attracted attention. [7] Photo-induced electron transfer is a phenomenon commonly observed in dye molecules containing electron-donor and acceptor subunits. [8] The electronic structure of such molecules provides the possibility, that following light absorption, electron transfer from the donor unit to the acceptor takes places, creating a highly dipolar excited state; this is referred to as charge-transfer state (CT, Fig. 1B ). It has been noted in many works that even in the absence of heavy atoms, CT states can undergo efficient ISC (so-called radical-pair intersystem crossing (RP-ISC)) [9] or recombine to form local triplet excited states of either the donor or acceptor units (spin-orbit charge-transfer intersystem crossing (SOCT-ISC)). [10] Boron dipyrromethane (BODIPY) dyes [11] [ are widely applied as fluorophores and, if combined with an appropriate electron donor or acceptor units exhibit efficient PeT. [12] There have been a number of reports on long-lived triplet state formation in such dyads. For instance, BODIPYs with appended transition metal complexes, such as dyad 1, [13] or dyads containing fullerene (2, Fig. 2 ), [14] have been shown to form triplet excited states of BODIPY without directly relying on the heavy atom effect. Similarly, BODIPY dyads containing quinone, [15] methylpyridinium or acridinium ion [16] (structures 3 and 4, Fig. 2 ) subunits as electron donors and BODIPY dimers [17] demonstrated such properties. Recently, similar properties were observed for N,C-chelate organoboron dyes.
[18] 
ARTICLE
Employing PeT as a method of enhancing ISC has attractive advantages over the conventional heavy atom insertion strategy. E.g., halogenation of BODIPY results in rather low light-to-dark cytotoxicity ratios, [19] which is an obstacle for applications in PDT. This issue can be overcome with heavy atom-free BODIPYs. As we have recently shown, BODIPY-anthracene dyads (BADs, Fig.  3A ) efficiently generate triplet states and singlet oxygen in biological media, while being non-toxic to cells in the absence of light irradiation. [20] Another advantage of PeT-mediated triplet sensitization relies on its medium polarity dependence. In nonpolar environments (e.g., aromatic hydrocarbon solvents) the energy of CT states is much higher with respect to "local" excited states, as no stabilization through dipole-dipole interactions with solvent molecules can take place. As a result, PeT does not take place under such conditions and the dye behaves as a normal fluorophore, showing negligible ISC. Alternatively, in media of sufficient polarity, the CT state is stabilized and PeT becomes feasible. Recently in a proof-ofprinciple study, we demonstrated triplet sensitization switching in BADs by changing the media polarity in triplet-triplet annihilation photon up-conversion (TTA-UC). [21] To develop applications for PeT-mediated triplet sensitization in BODIPYs the scope of such systems must be expanded and guidelines for tuning their photophysical behavior elucidated. The major limitation of the previously reported systems shown in Figure 2 is their synthetic availability. Recently, we performed a detailed study on triplet state generation in the readily accessible heavy atom-free BADs, based on various BODIPY scaffolds and anthracene subunits. [22] Here we describe dyads containing pyrene (BPyrD1-4) and perylene electron donors (BPerD, Fig.  3B ). These are easily prepared in one-pot reactions and we have studied these dyads using steady-state and ultrafast transient absorption spectroscopy to confirm triplet state generation via PeT and the underlying kinetic parameters. Secondly, we investigated singlet oxygen generation of the dyads, which showed that using pyrene as an electron donor can provide higher Φ ∆ than previously reported BADs. The effect of solvent polarity and the substitution pattern of the BODIPY subunit on PeT and triplet state generation was examined. Structural information for various dyads was obtained by singlecrystal X-ray crystallography. To rationalize the observed properties we employed quantum-mechanical calculations on the excited state electronic transitions in different types of dyads.
Results and Discussion
BODIPYs containing pyrene and perylene moieties have previously been reported in several works, however, ISC in the absence of heavy atoms has not been observed. Murgia et al. have shown that BPyrD1 undergoes charge transfer in the excited state, which manifests in profound solvatochromism. [23] The emission quantum yields strongly decrease with increasing solvent polarity, while the emission maxima are red-shifted; this is typical for charge-transfer excited states. However, for dyads BPyrD3 [24] and BPyrD4, [25] which are based on alkyl-substituted BODIPY scaffolds, the reported emission parameter are practically unaffected by solvent polarity and the dyads' photophysical properties are very similar to the corresponding 8-phenyl BODIPYs. This suggests that PeT in these dyads is governed by the alkyl-substitution pattern in BODIPY. Previous theoretical studies showed that the BODIPY frontier molecular orbital energies are strongly affected by the introduction of more alkyl groups. [26] We confirmed this by performing DFT calculations on the molecules shown in Figure 4 . Thus, to systematically investigate the PeT and triplet state generation processes in BODIPY pyrene dyads, we used four ARTICLE BODIPY scaffolds with different alkyl substitution patterns, to tune the molecular orbital energy levels. Likewise, pyrene and perylene were chosen as electron donors because of their energy levels comparability to anthracene, which featured in our previous work. Scheme 1. Synthesis of the dyads studied.
The dyads were synthesized according to classic methods, using an acid-catalyzed condensation of the corresponding aldehydes with the respective pyrroles, followed by oxidation of intermediate dipyrromethanes with DDQ and boron insertion in the presence of base. [27] (Pyren-1-yl)benzaldehyde 5 was prepared via a Suzuki reaction between 1-bromopyrene and 4-formylphenylboronic acid. Perylene-3-carbaldehyde 6 was synthesized by the Vilsmeier formylation of perylene. To examine the effects of the alkyl substituents and aromatic donor units on molecular geometry of the dyads, we obtained single crystals of the compounds synthesized, suitable for X-ray crystallography. We measured atom deviations from the leastsquares-planes of the BODIPY and anthracene subunits (listed in Table 1 ), the carbon-carbon bond lengths of C8-C15 and the rotations around the C8-C15 bond, designated as ψ (Fig. 5) . Additionally, in the packing arrangement, we evaluated the packing type (head-to-head or head-to-tail), solvent effects, and the formation of any halogen short contacts between fluorine and hydrogen atoms (bond lengths given with respects to H···F distance and angles are quoted for C-H···F). In the BODIPY pyrene dyads, the ψ-angle was found to be close to 90°, irrespective of the substitution pattern in the BODIPY moiety. A similar conclusion is drawn from the C8-C15 carbon bond length. In the packing of BPyrD1 (Fig. S5) , a head-to-head dimer connected by a halogen bond between C5-H5···F14 (2.470(2) Å and 160.0(1)°) was observed. The packing of BPyrD3 (Fig. S6) showed that the formation of head-to-tail aggregates is facilitated by the short contact between C22-H22···F13 (2.544(2) Å and 144.2(3)°). This appears to be a result of the sterically-hindered fluorine atoms due to the presence of the methyl substitution on C3 and C5, making this packing arrangement more favorable than the head-to-head dimer. The packing structure of BPyrD4 (Fig. S7) showed two molecules in the asymmetric unit interacting with each other through one H···F contact at C35_1-H1H_1···F14_2 (2.576 (1) Å and 136.5(1)°). [a] Dihedral angle between the mean planes of the BODIPY and mesosubstituent.
[b] Deviation of atoms from the mean plane of the BODIPY.
[c] Deviation of atoms from the mean plane of the substituted pyrene or perylene.
[d] Two independent molecules in the asymmetric unit and both structural factors are reported.
In BPerD (Fig. S8 ), the hydrogen atoms associated with the 6-and 7-positions of the perylene moiety formed bifurcated close contact to the fluorine of the BODIPY at 2.369(1) Å (173.2(1)°) for C20_2-H20_2···F13_1 and 2.449(1) Å (148.1(1)°) for C17_2-H17_2···F13_1. Additionally, the presence of the two independent molecules resulted in a mixture of head-to-head interactions coupled with a head-to-tail overlap in the unit cell. Single crystal X-ray crystallographic structural features of the dyads under investigation. Orange denotes the bond used to determine the C8─C15 bond length. ψ-Angle rotations were determined by measuring the dihedral angle between the pyrene (green) and BODIPY (purple) least-squares-plane. Thermal ellipsoids displacements show 50% probability, hydrogen atoms have been omitted for clarity.
The absorption and fluorescence emission parameters of the prepared dyads in different solvents are given in Table 2 .
Changing the solvent polarity was found to significantly impact the emission properties. The spectrum of BpyrD1 (Fig. 6A ) in ARTICLE non-polar hexane (ε r = 1.9) showed a fluorescence emission centered at 520 nm, characterized by a Stokes shift of 17 nm and an emission quantum yield of 0.161, which is in accordance with the characteristics of the corresponding 8-phenyl BODIPY.
[11] This emission can be attributed to the S 0 → S 1 transition in BODIPY, or "local emission" (LE) of the BODIPY chromophore exciton. Contrarily, in polar DMF (ε r = 38.3), a new broad and structure-less band appeared at 715 nm, accompanied by a remarkable drop in emission intensity and quantum yield to 0.005 (Fig. 6A ). This observation was reproduced in other solvents, showing a clear correlation between polarity, red shift of the emission, and its quantum yield. Such emission quenching in polar media is the signature of intramolecular electron transfer. [28] Red-shifted, broad emission bands correspond to the transition from the CT state, formed via intramolecular electron transfer into the ground state of the dyad. [29] Such emission is commonly very weak, consistent with the low quantum yields observed for BpyrD1 in polar solvents. On the other hand, the emission observed for BPyrD1 in toluene ( As can be seen from Table 2 , emission is less affected by the solvent polarity in dyads with alkyl substituents. BPyrD2 showed substantially stronger emission in polar solvents and its LE emission was observed even in polar DMF. While BPyrD3 still showed PeT, dyad BPyrD4 was practically unaffected by the polarity, showing very similar fluorescence quantum yields in hexane and DMF (Fig. 7A ). Dyad BPyrD5, in which the pyrene moiety is not directly linked to the BODIPY but separated via a phenylene bridge, exhibited properties consistent with PeT. In DMF, the CT emission was not observed (Fig. 7B) . However, the observed LE emission was substantially weaker (Φ em = 0.078) than in non-polar hexane (Φ em = 0.226). This indicates, that, although PeT takes place in dyad BPyrD5, it is less efficient compared to the dyads with directly linked subunits. The rate of PeT is known to depend on the separation of the donor and acceptor subunits; 30 thus, introduction of the phenylene spacer in this dyad is likely to slow down the electron process. Similar characteristics were observed for dyad BPerD. Perylene has substantially higher MO energy levels compared to pyrene (see Fig. 4 ). These observations indicate that the PeT efficiency can vary to a large extent in these dyads and depends on the electronic coupling between the subunits. As has been noted in previous studies, [31] BODIPY triplet states are commonly non-emissive or possess very weak phosphorescence, limiting the possibility of studying ISC in target dyads by steady-state spectroscopy. To gain better insights into the photophysical processes and excited state dynamics at room temperature, transient absorption (TA) spectroscopy was employed. Based on a photophysical model established earlier in our previous study on BAD systems, [20] we expected to observe a series of sequential processes reflected by equations (1)- (4): Table S1 ). Figure 8b shows integrated kinetics of selected spectral regions. Mono-exponential fits on the rise of PB traces (green line) and photo-induced absorption (PA) kinetics (red and blue lines) were performed to obtain kinetic parameters. The fits yielded time constants of 0.31±0.01 ps and 0.49±0.02 ps for EnT and photo-induced electron transfer (PeT), respectively. These values are closely in the range of previous reported values of BADs. [22] To probe the generation and decay of long-lived excited states, we performed separate nanosecond-microsecond TA (ns-µs TA) experiments on BPyrD1 prepared under nitrogen (Fig. 9a-b) and air ( Fig. 9c-d) . On the sub-ns timescale, the observed TA spectra were similar to those at shorter delay times (Fig. 8) . The TA spectra exhibited rapid spectral changes after a few ns (ca. 5 ns, red line in Fig. 9a ) and two clearly distinguishable PA bands peaking at 2.03 eV and 2.75 eV emerged, belonging to the BODIPY radical-anions (BDP •− )
[17c] and pyrene radical-cations (Pyr •+ ), [32] respectively. At longer delay times (ca. 1 µs), the PA1 band blue-shifted to 2.2 eV (PA2, Fig. 9a ) and exhibited a significant rise, indicating the generation of T BDP as previously reported by us and others. [20, 33] Figure 9b shows the kinetics of selected spectral regions, as indicated by vertical color bars in Figure 9a . PA2 (triplet band, red symbols) shows a considerable rise after 10 ns, reached the maximum intensity at 10 µs and then started to decay. A mono-exponential growth and decay fit to the PA2 band dynamics yielded inverse rate constants of 2.2 ± 0.05 μs for the triplet generation and 36 ± 0.05 μs for the decay process, respectively. The ns-µs TA spectra of BPyrD1, in air (Fig. 9c-d) showed no rise of PA2, but rather exhibited a fast decay due to the quenching of triplet states by oxygen. To evaluate 1 O 2 sensitization by the triplet states formed from CT states in the dyads, we studied the trapping of 1 O 2 with 1,3-diphenylisobenzofuran (DPBF) in polar (ethanol) and non-polar solvents (hexane). Note, that the choice of solvent for trapping experiments is crucially important. In certain cases methods employing DPBF overestimates the 1 O 2 quantum yields, e.g., due to radicals formation or photolysis of DPBF. [34] This can be seen by a decrease of the DPBF absorption during irradiation in oxygen-free solutions. When ethanol or hexane was employed as solvent no such effect was observed. [a] Quantum yields were measured using DPBF as a 1 O 2 trap and Rose Bengal as a reference photosensitizer (0.86 in ethanol).
[b] 1,3,5,7-Tetramethyl-8-phenyl-4,4-difluoro-4-bora-3a,4a-diaza-s-indacene.
As shown in Table 3 , Φ ∆ values of BODIPY-aryl-dyads largely vary depending on the solvent and subunits structure (for structures of the reference compounds see Fig. 10 ). The most efficient 1 O 2 sensitization was observed for BPyrD1 when ethanol was used as a solvent. This correlates with efficient PeT and triplet state generation observed in the TA experiments.
ARTICLE
However, in hexane this dyad showed low Φ ∆ , consistent with the absence of PeT. To compare the effect of the electron donor moieties in these compounds we included Φ ∆ values of previously studied dyads BAD1-2 (Fig. 10) . Remarkably, BAD1, lacking alkyl groups in the BODIPY moiety, showed rather low value of Φ ∆ in ethanol (0.11), but high value in hexane (0.43). The observed properties raise two questions: 1) why does the triplet yield drop from BPyrD1 to BPyrD2 and 2) why is triplet formation not observed for BPyrD1 in non-polar media, in contrast to BAD1? In order to understand the effect of alkyl substituents on PeT in the dyads, a comparative computational study was performed. The size of the studied molecules precluded the use of very accurate excited state methods, such as multireference configuration interaction and multiconfigurational perturbation theory, and hence electronic transitions in the excited state were evaluated using the onedeterminant density functional (DFT) approach. Ground electronic state geometries for both BPyrD1 and BPyrD2 were optimized in C s symmetry. Due to the orthogonality of the two fragments, it was possible to achieve SCF convergences of lowlying excited states. For optimized geometries vertical excitation energies were evaluated within the DFT-PCM model [35] for the "local" excited state of the BODIPY fragment (S BDP ), and for the charge-transfer states (S CT ). All excited states were treated in open-shell singlet variation. The quantum chemical calculations showed that dyads possessing the same BODIPY scaffold but different electron donors at the bridging 8-position (anthracene or pyrene), exhibit very similar excited state electronic transitions. This is shown in Table 4 with a comparison between the pyrene-based dyads BPyrD1-2 and reference BADs 1-2. The first excited state S BDP of these molecules arises from local π BDP →π* BDP excitation of BODIPY fragment. After S 0 → S BDP excitation, reductive photoinduced electron transfer process from the pyrene (π pyr ) to the BODIPY (π BDP ) fragments can take place in the S BDP state. In order for PeT processes to occur, it is crucial that the chargetransfer state S CT is energetically close to S BDP . Increasing the energy gap between the states should result in lower yields of CT states. The differences in HOMO and LUMO energies given in Figure 4 demonstrates that the introduction of alkyl substituents reduces the electron accepting ability of the BODIPY subunit. Upon PeT, BDP •− species are formed and thus, the addition of alkyl groups increases the energy of the S CT state. In non-polar media, the CT state cannot be fully stabilized via dipole-dipole interactions with solvent molecules, resulting in large energy gaps between S BDP and S CT states. High values of E(S CT ) -E(S BDP ), computed for BPyrD1 in vacuum (0.72 eV), are consistent with low yields of CT states and with very low Φ ∆ found in non-polar hexane. At the same time, for the anthracene-based dyad BAD1, the energy gap is substantially decreased (0.43 eV). As a result, the charge-transfer state of BAD1 can be populated even in nonpolar solvents, providing efficient triplet state formation as indicated by high Φ ∆ in hexane (Table 3) . Similarly, the large difference in E(S CT ) -E(S BDP ) values between BPyrD2 and BAD2 in vacuum is consistent with low Φ ∆ values for these dyads in hexane.
Interactions with polar solvent molecules strongly stabilize CT states, resulting in efficient PeT. In ethanol the S CT /S BDP gap is reduced in BPyrD1 by ~0.8 eV, while for BAD1 this change equals ~0.6 eV. This difference is due to the stronger dipole moment of S CT state in BPyrD1 (~23 D) compared to BAD1 (~18 D), that leads to more significant stabilization of BPyrD1 in ethanol media. Population of S CT , in turn, provides efficient triplet state formation and sensitization of 1 O 2 with a very high quantum yield (0.75). Notably, the singlet oxygen generation of BAD1 in ethanol was found to be substantially less efficient (0.11). This, in part, can be associated with a larger S CT /S BDP gap in ethanol, compared to BPyrD1. On the other hand, reduced triplet state formation for BAD1 in polar ethanol, compared to non-polar hexane, arises from the sensitivity of the ISC process in this molecule to solvent viscosity, as we found previously. [22] In polar solvents the S BDP
→S
CT transition can be observed for BPyrD2 and BAD2, bearing methyl groups which destabilize the S CT state. Despite close values of the S CT and S BDP state energies for these dyads in ethanol, a large difference in Φ ∆ values was observed. This indicates the strong influence of the S CT /S BDP gap values on PeT and triplet state formation efficiency. Sufficiently large S CT /S BDP gap in other dyads -due to the effect ARTICLE of electron-donating alkyl groups -reduce PeT efficiencies both in non-polar and polar solvents. The destabilizing effect of alkyl groups may account for the very low Φ ∆ value observed for BPyrD4, as in this case the low yield of S CT state terminates ISC. We expected that increasing the HOMO orbital energy of the electron donor subunit could compensate this destabilizing effect. Indeed, PeT in dyad BPerD was observed to take place with higher efficiency, according to the emission data, resulting in higher Φ ∆ . However, the poor electron accepting ability of this BODIPY scaffold which limits PeT cannot be overcome completely. An alternative possibility in this case would be to combine this BODIPY as an electron donor with an appropriate electron acceptor moiety. This has been previously demonstrated with methylpyridinium and acridinium ion-based BODIPY dyads. 16 Finally, the fact that in BPyrD5 triplet state formation was not observed may be associated with the molecular geometry in this dyad. It has been noted in previous works that an orthogonal arrangement of the subunits in multichromophoric systems provides efficient ISC, e.g., in donor-orthogonal-acceptor conjugated polymers [36] and OLED emitters exhibiting thermallyactivated delayed fluorescence. [37] Our recent study showed that the orthogonal geometry in BADs is responsible for reducing the S-T energy gap in the CT state. [22] In the absence of alkyl substituents at positions 1 and 7 of the BODIPY subunit in these dyads, the molecular geometry can deviate from orthogonality, leading to reduced triplet state yields. The introduction of a phenylene spacer between the subunits, as in BPyrD5, results in a molecular geometry with dihedral angles between the subunits of approximately 50°, which minimizes ISC and results in poor triplet state yields, even in the case of efficient PeT.
Conclusions
To conclude, in the BPyrD and BPerD systems charge transfer was found to mediate the formation of long-lived triplet states as previously observed in BADs. PeT in the dyads competes with fluorescence from the BODIPY local excited state. The substitution pattern of the BODIPY and solvent polarity affect the ratio between these processes. Alkyl substituents shift the HOMO energy level of the BODIPY subunit and change the stability of the CT states. Population of CT states leads to the formation of the local BODIPY triplet state T BDP . Thus formed triplets can be used for singlet oxygen generation in polar solvents. The mechanism of ISC from the CT state to the triplet excited state is not apparent and more detailed studies are necessary to identify whether RP-ISC or SOCT-ISC is the dominant pathway. The described dyads generate singlet oxygen exclusively in polar media and could be employed as environment-responsive sensitizers in biological environments. Compared to most of the previously reported heavy atom-free BODIPY triplet sensitizers, e.g., symmetrical and unsymmetrical BODIPY dimers, [38] the dyads are easy to access. Adjustment of the substitution pattern in the BODIPY scaffold allows tuning PeT efficiencies and Φ ∆ over a wide range. Notably, it allows for the design of dyads which possess both strong fluorescence and ISC at the same time, such as BPyrD2-3. This is an important advantage of these systems, compared to halogenated BODIPYs, which possess high ISC, but are typically poorly emissive.
[11]
Experimental Section General
Pyrene-1-carbaldehyde, pyrrole, 2,4-dimethylpyrrole and 3-ethyl-2,4-dimethylpyrrole were purchased from Sigma-Aldrich. The handling of all air/water sensitive materials was carried out using standard high vacuum techniques. Dried toluene, DCM and THF were obtained by passing through alumina under N 2 in solvent purification systems and then further dried over activated molecular sieves. Dry DMF was purchased from Aldrich. Unless otherwise specified all other solvents were used as commercially supplied. Analytical thin layer chromatography was performed using silica gel 60 (fluorescence indicator F254, pre-coated sheets, 0.2 mm thick, 20 cm × 20 cm; Merck) plates and visualized by UV irradiation (λ = 254 nm). Column chromatography was carried out using Fluka Silica Gel 60 (230-400 mesh).
Spectroscopy
UV-Vis spectra were recorded in solutions using a Specord 250 spectrophotometer from Analytic Jena (1 cm path length quartz cell). Emission, excitation spectra and lifetimes were measured using a Cary Eclipse G9800A fluorescence spectrophotometer and Horiba Jobin Yvon Fluorolog 4 instrument. Emission quantum yields of the compounds were measured relative to the fluorescence of fluorescein in 0.1 M NaOH (φ f = 0.95). 39 Sample concentrations were chosen to obtain an absorbance of 0.03-0.07, at least three measurements were performed for each sample. NMR spectra were recorded on a Bruker Advance III 400 MHz, a Bruker DPX400 400 MHz or an Agilent 400 spectrometer. Accurate mass measurements (HRMS) were carried out using a Bruker microTOF-Q™ ESI-TOF mass spectrometer. Mass spectrometry was performed with a Q-Tof Premier Waters MALDI quadrupole time-of-flight (Q-TOF) mass spectrometer equipped with Z-spray electrospray ionization (ESI) and matrix assisted laser desorption ionization (MALDI) sources in positive mode with trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]-malononitrile (DCTB) as matrix. Melting points were measured using an automated melting point meter SMP50 (Stuart) and are uncorrected. Transient absorption (TA) spectroscopy measurements were carried out using a home-built pump-probe setup. Two different configurations of the setup were used for either short delay, namely 100 fs to 8 ns experiments, or long delay, namely 1 ns to 300 μs delays, as described previously. [22] 
Singlet Oxygen Quantum Yield Determinations
The singlet oxygen quantum yield measurements were performed according to a previously described procedure. [20] Solutions of the 1 O 2 trap, 1,3-diphenylisobenzofuran (DPBF), with an optical density of 1.0 in air-saturated ethanol and hexane were employed. The corresponding dyad was added to the cuvette, and its absorbance was adjusted to around 0.01 at the wavelength of irradiation. The solutions in the cuvette were irradiated with 532 nm laser light at the same power density of 10 mW/cm 2 . The absorption spectra of the solutions were measured every 10 s. The slope of plots of absorbance of DPBF at 414 nm vs. irradiation time for each photosensitizer was calculated.
Computations
All calculations were performed using GAMESS quantum chemistry package [40] in spin unrestricted formalism using M06-2X meta-GGA functional [41] with 54% of Hartree-Fock exchange part. The Karlsruhe valence triple-zeta KTZV basis set 42 incorporated in GAMESS quantum ARTICLE chemistry package was employed. Solvent was modeled using iterative isotropic polarizable continuum model (PCM) calculation with parameters corresponding to ethanol.
Syntheses
2-Methylpyrrole, [43] 4-(pyren-1-yl)benzaldehyde [44] and perylene-3-carbaldehyde [45] and BPyrD1 [46] were prepared according to reported procedures and their analytical data were found to be consistent with those described previously. BPyrD2-5 and BPerD were prepared according to a previously described general procedure. [20] 3,5- Dimethyl-8-(pyren-1-yl)-4,4-difluoro-4-bora-3a,4a-diaza-s 1,3,5,7-Tetramethyl-8-(pyren-1-yl)-4,4-difluoro-4-bora-3a,4a-diaza-sindacene (BPyrD3). Obtained in 19% yield. Analytical data are in correspondence to those described previously. [24] 2,6-Diethyl-1,3,5,7-tetramethyl-8-(pyren-1-yl)-4,4-difluoro-4-bora3a,4a-diaza-s-indacene (BPyrD4). Obtained in 16% yield. Analytical data are in correspondence to those described previously. 
X-ray Crystallography
X-ray diffraction data for all compounds were collected on a Bruker APEX 2 DUO CCD diffractometer by using graphite-monochromated MoK α (λ = 0.71073 Å) radiation or Incoatec IμS CuK α (λ = 1.54178 Å) radiation. Crystals were grown by liquid diffusion of a solution of the compounds in CH 2 Cl 2 and MeOH. [47] Crystals were mounted on a MiTeGen MicroMount and collected at 100(2) K using an Oxford Cryosystems Cobra lowtemperature device. Data was collected by using omega and phi scans and are corrected for Lorentz and polarization effects by using the APEX software suite. [48] Using Olex2, the structure was solved with the XT structure solution program, using the intrinsic phasing solution method and refined against │F 2 │ with XL using least squares minimization. [49] Hydrogen atoms were generally placed in geometrically calculated positions and refined using a riding model. Full details of data refinements are given in the supplementary material and Table S2 . All images were prepared by using Olex2.
